To perceive the real motion of objects in the world while moving the eyes, retinal motion signals must be compensated by information about eye movements. Here we study when this compensation takes place in the course of visual processing, and whether uncompensated motion signals are ever available. We used a paradigm based on asymmetry in motion detection: fast-moving objects are found easier among slow-moving distractors than are slow objects among fast distractors. By coupling object motion to eye motion, we created stimuli that moved fast on the retina but slowly in an eye-independent reference frame, or vice versa. In the 100 ms after stimulus onset, motion detection is dominated by retinal motion, uncompensated for eye movements. As early as 130 ms, compensated signals become available: objects that move slowly on the retina but fast in an eye-independent frame are detected as easily as those that move fast on the retina.
Visual search for motion is asymmetric-efficient at detecting a moving object among stationary distractors and inefficient at the opposite task, namely detecting a stationary object among moving distractors [1] [2] [3] . The visual system seems to have evolved an effective motion detector. However, as this asymmetry has been found in the non-moving observer with fixed gaze, it is not clear in which reference frame the motion detection operates: retinocentric, head-centric, trunk-centric, or earth-centric. While a retinocentric motion detector is undoubtedly useful (for planning eye movements, for example), it confounds physical object motion and that induced by the observer's movements. Indeed, while tracking a moving object with the eyes, the image of the object slows down or comes to a halt on the retina, whereas the projection of the stationary background sweeps across the retinal image. In spite of this, we usually perceive the object as moving and the world as stationary. As for many others characteristics of the visual scene (lightness, occlusion, depth, size, for example), retinal motion information has to be processed to extract the actual, distal properties of the scene (physical object motion) from the accidental properties dependent on the retinal projection. This process, whose end result is known as spatial constancy, is usually achieved during tracking and saccadic eye movements.
In order to achieve spatial constancy during eye movements, the visual system has to compensate for retinal motion due to eye movements. It has been claimed that in performing this compensation, the visual system uses, at least in part, an extraretinal signal that encodes eye movements [4] [5] [6] (see ref. [7] for a review) and background motion is perceived only if the retinal and extraretinal signals differ [8] [9] [10] . At the same time, it is known that compensation for eye movements is also partly achieved through a hypothesis of visual background stationarity [11, 12] , a process that does not require extraretinal information. Although in most cases the visual system compensates correctly for eye movements, some well known illusions reveal that constancy during smooth pursuit is actually incomplete (Filehne illusion [13] , Aubert-Fleischl effect [14, 15] ), as if the visual system slightly underestimated the actual displacement of the eyes. In some special cases, compensation for smooth pursuit eye movements can approach zero [16, 17] , and has been found to be absent in at least one neurological patient [18] .
The problems raised by spatial constancy and compensation for eye movements have been the topic of extensive research in neurophysiology [19] [20] [21] [22] [23] . As concerns the perception of motion during smooth pursuit, two areas in the superior temporal sulcus in monkeys, MT and MST, are known to be specialized in processing visual motion [24, 25] . While neurons in MT respond only to retinal motion, neurons have been found in MST (and especially in a sub-area, MSTd) that receive extraretinal information about eye movements [25] . There is good evidence that these signals are used to differentiate eye movement-induced retinal motion from physical object motion [26, 27] .
[ Figure 1 about here.]
The present study is concerned with the problem of reference frames and compensation for smooth pursuit eye movements in motion detection, and with the timing of this compensation. When the eyes are engaged in pursuit and an object appears, the "raw input" about its motion is in a retinocentric reference frame. How long does it take for the representation of the object's motion to be compensated for the eye movement? Is compensation immediate, or is there a time window in which uncompensated movement is detected? Although this issue has received some attention in psychophysics [28, 29] and neurophysiology [30] [31] [32] , little evidence of time evolution of compensation has been presented. Here we introduce a technique that detects the time evolution of compensation for very brief stimuli.
Results
We have used a modified form of the Ivry and Cohen visual search task [1] mentioned above, in which a subject either searches for a fast-moving item among slow-moving distractors, or vice versa, and in which fast-moving objects are better detected by observers with immobile gaze. We have modified the task by yoking stimulus motion to the observer's gaze, thus dissociating motion on the retina from motion on the screen. The idea is schematically illustrated in Fig. 1 . While the observer pursues a cross (moving at 6
• /s) on a computer screen, a number of moving points briefly appear. On half the trials, one point-the target-has a different speed than the rest (but all objects move in the same direction); the subject's task is to determine if such a target is present. The motion of the points is chosen either so that the target (when present) moves slowly on the screen but fast on the retina, while the distractors move fast on the screen but slowly on the retina (the left panels in Fig. 1) ; or the reverse: the target fast on the screen but slow on the retina and the distractors slow and fast, respectively (the right panels in Fig. 1 ). If the visual search asymmetry [1] is due to efficient detection of fast targets on the retina, then the stimulus on the left of Fig. 1 should be detected better than the one on the right. If, on the other hand, rapid objects in an allocentric frame 1 are detected efficiently (i.e., motion that is already compensated for eye movement), then the stimulus on the right should be detected better.
An important goal of our study was to measure the time course of the compensation process. This required stimuli with well-controlled durations, which is not possible with the standard response time paradigm that is used in visual search. We therefore presented brief stimuli (between about 80 and 150 ms) followed by masks, and used detection performance rather than response time as the dependent variable. In order to check that the asymmetry found previously for response times also holds for detection performance, our subjects also took part in a fixation condition, in which they fixated a cross while the stimulus approximately reproduced the optic flow from a previous pursuit stimulus.
Detection performance was measured using the non-parametric measure A [33, 34] , similar to the better-known d in that it measures discrimination rather than bias. A ranges from 0 to 1, with 1 reflecting perfect detection and chance level at 0.5 (details are given in the Methods). As expected, detection performance in the fixation condition, shown in the left part of Fig. 2(a) , was better for fast targets than for slow ones for all durations taken together (p < 0.005 in planned comparisons), and for the three longer durations taken individually (p < 0.02, t test, Sidak correction). This echoes previous results on motion detection asymmetry in immobile observers [1] but with short durations and detection performance as the dependent variable, rather than response time.
[ Figure 2 about here.] Performance in the pursuit condition, shown in the right part of Fig. 2(a), followed a different pattern from that in fixation-even though the retinocentric visual stimuli were very similar. In discussing the results from the pursuit condition, we will use the terms "slow" and "fast" to refer to the speed of motion on the retina, rather than on the screen. The reader should keep in mind that, in the pursuit condition, "fast" targets move slowly on the screen, and vice versa. The results show that on the one hand, for the three shortest durations (below 130 ms), fast (retinocentric) targets were detected better than slow ones (p < 0.02 in planned comparisons), as in the fixation condition, showing that at these durations, motion was detected in a retinocentric frame. On the other hand, for the longest duration (152 ms), slow targets are detected as well as or better than fast ones: A is higher for slow targets, but this difference is not significant.
We performed an analysis of variance (ANOVA) on the A data, with the independent variables being eye movement (pursuit, fixation), target speed (fast, slow), and stimulus duration. Not surprisingly, there is a significant main effect of duration (F 3,21 = 38.0, p < 0.0001): performance increased when the stimulus was displayed longer. More importantly, as can be seen in Fig. 2(b) , there was a significant interaction of eye movement, target speed, and duration (F 3,21 = 3.92, p < 0.02), showing that the advantage of fast targets in the fixation condition reversed with increasing duration in the pursuit condition. This result is not due to the mere presence or absence of eye movements, because there was no significant main effect of the eye movement variable. To investigate this interaction effect further, we carried out the ANOVA separately for each duration. For the three shortest durations, there was no interaction between eye movement and target speed. However, mean A was higher for fast targets than for slow ones, and this main effect was significant (F 1,7 = 17.4, p < .005), indicating that detection was based on retinal motion. For the longest duration (152 ms), on the other hand, the interaction between eye movement and target speed was significant (F 1,7 = 15.1, p < .01), showing that the detection advantage of fast retinal targets was lost at this duration in the pursuit condition ( Fig. 2(b) ).
In order to study these effects in individual subjects, we defined the index of allocentricity as the difference, between fixation and pursuit conditions, of the A difference for fast and slow targets: (A Ff − A Fs ) − (A Pf − A Ps ) (F and P refer to fixation and pursuit, while f and s indicate fast and slow targets). When the index of allocentricity is zero, detection is based on retinocentric motion (i.e., the difference in detection of retinal fast and slow targets is independent of eye movement, and therefore also independent of allocentric target motion); the more positive the index, the more allocentric motion contributes to detection. The indices of allocentricity for each subject and each duration are shown in Fig. 3 . For the two shortest durations, the individual values of the indices were distributed about 0, and the mean was not significantly different from 0, as shown by a t test (p > 0.65). For 129 ms the mean index increased, approached significance (p = 0.08), and was positive in 6 out of 8 subjects. Finally, for 152 ms the index was positive for all subjects, with the mean significantly greater than zero (p < 0.01, t test, Sidak corrected).
[ Figure 3 about here.] On many trials, the actual eye movements did not correspond to instructions (saccades, for example) or had speeds that were too low or too high, and the resulting stimuli-which were coupled to the eye movements-were not acceptable. (This includes, for example, stimuli in which objects moved in opposite directions on the retina.) These trials were eliminated a posteriori, as discussed in the Methods. The effects on detection performance that we have presented are robust, in that they do not critically depend on the details of the trials which were excluded. For instance, if we include all trials, we still find the significant interaction between the eye movement, target speed, and duration variables (F 3,21 = 3.28, p < 0.05), as well as the other effects that have been presented.
Discussion
In summary, we have found evidence that during smooth pursuit, retinocentric motion is compensated by extra-retinal eye movement signals very early on, within 130 − 150 ms of stimulus onset. This compensation abolishes the relative disadvantage of slow targets in motion detection, when these targets move fast in an allocentric frame. Our technique has yielded evidence of earlier compensation than previous psychophysical or neurophysiological studies. Even earlier, around 100 ms, motion detection is better than chance, but this detection is entirely retinocentric. Thus, we have evidence of a transition from retinocentric to allocentric motion detection taking place at around 130 ms following stimulus onset.
Although we have mainly addressed the question of extra-retinal mechanisms of spatial constancy, constancy also relies on purely visual cues, through the principle of background stationarity. Namely, in case of relative motion between a large coherent background and a smaller foreground object, the background is assumed to be stationary, hence a component opposite to the motion of the background is added to the perceived motion of the foreground object [11] . This purely visual constancy mechanism certainly has an effect on our stimuli: the motion of the target relative to the distractors is, at least in part, interpreted as absolute motion of the target. However, this effect must be the same in the pursuit and fixation conditions, since relative motion is identical in the two conditions. Therefore, the performance differences that are observed between fixation and pursuit ( Fig. 2(a) ) reflect the integration of extra-retinal signals.
Previous studies have examined some aspects of the timing of spatial constancy, but have missed the egocentric-to-allocentric transition at 130 − 150 ms because of the longer durations used. An early study by Stoper [28] indicated only weak constancy during smooth pursuit for brief durations (300 ms), with constancy increasing-but still incomplete-for much longer stimuli (1700 ms). However, Mack and Herman [29] showed that Stoper's results can be explained by the dominance of relative over absolute motion. When the dominance of relative motion was reduced, Mack and Herman found constancy as strong for their brief (200 ms) as for their long (1200 ms) stimuli. They concluded that, by 200 ms, spatial constancy is largely in place. Our results do not disagree with this conclusion, and further demonstrate that compensation for eye movements exists even down to 150 ms, but breaks down for briefer stimuli (at 100 ms and earlier). In our study, loss of spatial constancy (for durations below 100 ms) is not confounded with the dominance of relative motion as it is in Stoper's [28] , since relative motion between target and non-target items is identical in fixation and pursuit conditions. More recently, the time evolution of spatial constancy and compensation for eye movements has been investigated using electrophysiological methods. A group in Tübingen has used an experimental paradigm based on the adaptation of the extraretinal eye movement signal by inappropriately moving backgrounds during pursuit [35] . Using magnetic evoked potentials in man, they have found traces of compensatory signals and therefore of spatial constancy as early as 160-175 ms after stimulus onset [32] . Measurements using EEG have found traces of compensation starting around 300 ms after stimulus onset [30, 31] . Our results do not contradict these neurophysiological findings, but demonstrate that the onset of compensation is even earlier than what is found in MEG, and allow us to probe the detection of visual motion prior to the onset of compensation for eye movements.
Approximate information concerning the timing of constancy can be gleaned from other studies that have used grouping and visual search paradigms. The main question addressed by these works has been whether grouping and search processes operate on post-constancy, 'distal' representations, or on 'proximal', pre-constant ones. Contrary to a previous assumption that grouping is an early (and pre-constant) process [36] , a number of studies by Rock, Palmer and their colleagues have shown that grouping can be influenced by constancy information in the case of lightness [37] , amodal completion [38] and depth [39] , for example. However, the above-mentioned studies 2 Since our pursuit target is roughly stationary on the retina, it might introduce a retinocentric bias. Therefore, the onset of compensation for eye movement that we localize between 130 and 150 ms may occur even earlier.
examined how grouping occurs with unlimited exposure time, and therefore little control over the stage of visual processing that gives rise to the subject's response. In an attempt to study grouping at earlier stages of visual processing, a recent study [40] has shown, by limiting presentation time, that grouping by color can be based on preconstancy, retinal spectrum information. This limitation of stimulus duration has actually classically been used in studies of size constancy [41] and shape constancy [42] . The latter studies showed that before 100 ms the perceived shape is very close to the projected shape on the retina.
In visual search, as in grouping, the classical view is that search operates on pre-constant, retinal data [43] . More recent work has demonstrated that the input to visual search is more complex than previously assumed. For example, Enns and Rensink [44] demonstrated the influence of 3D properties and lightning direction in visual search. In the case of amodal completion, search mechanisms rely on post-completion information even if this impairs the search [45, 46] . By interrupting the search process by a visual mask, Rauschenberger and Yantis [47] have shown an influence of pre-amodal completion on visual search (but see [48] ). Finally, Moore and Brown [49] have shown, in the case of lightness constancy, an influence of preconstancy information on visual search even without interrupting the search task. Our results are in agreement with these findings of preconstancy influence on visual search, since we have shown that search for motion can rely on preconstant information if the search is interrupted early and on both preconstant or postconstant information for longer (but still brief) durations.
The observation of the transition between retinocentric-based motion detection to one that is also allocentric, which takes place around 130 ms following stimulus onset, gives rise to two possible scenarios concerning motion detection. There may be two motion detectors with differing latencies: one that detects retinocentric motion (for instance, based in MT), and one in which compensation for eye movement leads to detection of allocentric motion (based in MSTd, for example). In neurophysiological data, one could compare latencies in these cortical areas, and see whether they correspond to those of the retino-and allocentric phases in our results. Alternatively, motion detection-which we have found to occur before compensation-is an opportunistic process that can operate on intermediate, partly compensated motion signals. It would therefore be interesting to study responses to motion in area MSTd, which is found to be compensated for eye [24] [25] [26] or even head [27] movement. Given our results, it is possible that the degree of compensation of this response depends on latency, with early response compensated less than later activity. If this were the case, taken together with our results it would constitute evidence that motion detection is based exclusively on activity in area MSTd.
Methods

Visual display and procedure
Trials were first performed in the pursuit condition while the subject's eye movements were recorded. Gaze position and speed recorded in the pursuit trial were used to approximately reproduce the optic flow in corresponding later fixation trials. The subjects (8 men with normal or corrected-to-normal vision, average age 27) performed 960 trials grouped in 3 sessions. Each session, which lasted about an hour, was interrupted by at least two eyetracker recalibrations and by rest breaks. A session began with a block of 16 pursuit trials, followed by a block of 16 corresponding fixation trials, and so forth.
A trial began with the presentation of the fixation cross (two red lines of 0.8
• length) at its starting position of 11.8
• from the center of the screen to the left or to the right according to the future direction of movement. The subject pressed a mouse button to begin, at which point the cross turned white until the end of the trial. In the pursuit condition, the cross accelerated from 0 to 6
• /s with a constant acceleration for 1.55 s, then moving at constant speed for 1.8 s; in the fixation condition the cross remained immobile for the same amount of time (speeds are given in the screen reference frame; motion to the subject's right is positive). Following this, the stimulus appeared; it was composed of 9 red disks, randomly positioned without overlap, each having a radius of 0.3
• . In the pursuit condition the disks moved either remained still or moved at 5
• /s: in the "slow target" condition (slow on the retina), the target (when present, 50% of trials) moved at 5
• /s while the distractors remained still, while in the fast condition the target remained still and the distractors moved at 5
• /s. In the fixation condition the speeds and positions of the disks were computed using the eye speed from the corresponding pursuit trial; for example, with a pursuit speed of 5.4
• /s, the disks that moved at 5
• /s in pursuit moved at −0.4 • /s in fixation and the disks that did not move in pursuit moved −5.4
• /s in fixation. The stimulus was presented for 85, 105, 129 or 152 ms, and was followed by a 300 ms mask composed of 500 white lines, whose endpoints were randomly chosen on each monitor frame. The mask was followed by a response screen, instructing the subject to answer whether all disks moved the same way or if one moved differently from the others (target present/absent, 2-alternative forced choice). Except for the regularly alternating blocks of pursuit and fixation trials, trial order was randomized.
Eye movement recording
Gaze 
Eye movement analysis
Eye blinks and saccades were detected by computing on-line the speed from 2 successive frames. If speed exceeded 40
• /s the trial was aborted (all aborted trials were performed later during the block). In pursuit trials, tracking gain (ratio of eye speed to moving cross speed) was checked during the display of the search array. If gain was less than 0.7 or greater than 1.3, the trial was aborted.
Off-line, filters were applied in order to eliminate trials in which incorrect tracking led to inappropriate stimuli. First, a second saccade filter was applied to detect the conjunction of eye speed over 10
• /s and acceleration over 250
• /s 2 . (In off-line filters, speed and acceleration were calculated by performing first-and second-order fits in a 250 ms window terminating at stimulus offset.) Second, the retinal speed of the disks was computed, taking into account the measured eye speed. Only those trials were kept in which the disks moved all in the same direction on the retina, and whose speeds fells within the limits of 0 to 2.8
• /s for the slow dots and 5 to 7.8 • /s for the fast ones. Finally, trials with high acceleration were discarded. Trials were discarded if the acceleration led to a speed change of more than 25%. These filters led to the elimination of 52% of the trials, with 1776 pursuit trials and 1900 fixation trials remaining.
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Incorporating eye movement into the visual search paradigm allows us to dissociate retino-and allocentric reference frames in motion detection. Top panels show stimuli on the screen while subjects pursue the cross (perfect pursuit is assumed in this example), while bottom panels show the corresponding retinal projections. In the stimulus on the left, the motion of the target is slow on the screen but fast on the retina (with the distractors fast and slow, respectively). 
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Figure 1: Incorporating eye movement into the visual search paradigm allows us to dissociate retino-and allocentric reference frames in motion detection. Top panels show stimuli on the screen while subjects pursue the cross (perfect pursuit is assumed in this example), while bottom panels show the corresponding retinal projections. In the stimulus on the left, the motion of the target is slow on the screen but fast on the retina (with the distractors fast and slow, respectively). The speeds of the target are reversed in the stimulus on the right: fast on the screen and slow on the retina. 
